

















Microscopic quark study of the antikaon nucleon nucleon
8-quark systems with exotic hexaquark flavour
P. Bicudo
CFTP, Dep. F´ısica, Instituto Superior Te´cnico, Av. Rovisco Pais, 1049-001 Lisboa, Portugal
We study the possibility to bind eight quarks in a molecular hadronic system composed of two
nucleons and an antikaon, with the quantum numbers of a hexaquark flavour, in particular with
strangeness -1, isospin 1/2, parity -, baryonic number 2 and two possible spins, 0 or 1. These
exotic hadrons are motivated by the deuteron, a proton-neutron boundstate, and by the model of
the Λ(1405) as an anti-kaon proton boundstate. We discuss the possible production of this hadron
in the experiments which are presently investigating hot topics like the Θ+ pentaquark or the K−
deeply bound in nuclei. The K− •N interactions and the coupling to other channels are computed
microscopically from a confining and chiral invariant quark model resulting in local plus separable
Gaussian potentials. The N •N interactions used here are the state of the art Nijmegen potentials.
The binding energy and the decay rate of the K− • N and K− • N • N systems are computed
with the finite difference method. The only system that we are able to bind with our microscopic
interactions is the K− •N , compatible with the double pole model of the Λ(1405).
I. INTRODUCTION
Here we study the binding energy of a possible molec-
ular antikaon, nucleon and nucleon three body system.
In a hadronic perspective, we are also motivated by the
recent Θ+ pentaquark signals, studied by Bicudo and
Marques as a K • π •N borromean system [1]. While we
wait for the definitive experimental status of the Θ+, we
notice that the hexaquark flavourK−•N •N is in princi-
ple easier to bind than the K •π •N , because the pion π
has a very large kinetic energy. Therefore an unbinding
of the K− • N • N would be a negative signal negative
for the Θ+. In a nuclear perspective, the deep binding
of antikaons in nuclei have been predicted and are also
actively searched. A bound K− •N •N would constitute
a simple antikaon-nucleus system, the 2K−H .
Moreover, the K− • N • N can be formed with anti-
Kaon (K−) deuteron (p • n) scattering. Other exotic
tetraquarks, pentaquarks or hexaquarks are also very
plausible, but they are all harder to produce experimen-
tally because they would need at least strangeness and
charm. The several experiments dedicated to pentaquark
searches (where not only the kaon, but also the antikaon
may interact with nuclei), or to antikaon-nuclear bind-
ing at RCNP, JLab, KEK, DAFNE and at many other
laboratories, are already able to search for the proposed
K− • N • N . In particular evidence for K− • N • N
has already been found by the FINUDA collaboration
at DAFNE [2, 3]. In Fig. 1 different possible produc-
tion mechanisms are depicted. They are similar to the
Λ(1405) production mechanisms, except that the K−
scatters on a deuterium nucleus, not on a hydrogen nu-
cleus. The process in Fig. 1 (a) is only possible if the
width of the K− • N • N is of the order of its binding
energy. The process in Fig. 1 (b) is always possible, but
is suppressed by the electromagnetic coupling. Processes
in Fig. 1 (c) , (d) are dominant. The production process
(c) should occur in experiments designed for the produc-





















FIG. 1: Different K− •N •N production mechanisms .
energy to create a π. The production process (c) should
occur in atomic kaon experiments, where the K− has a
low energy but where a larger nucleus is used and the
remaining nucleus may absorb the virtual pion.
Notice that the process uu¯ → dd¯ pair enables the for-
mation of system with a negative Kaon, a proton and a
neutron (K−pn), or a system made by a neutral Kaon
and two neutrons (K¯0nn). Assuming that an s-wave
component (a symmetric spatial wave-function) is dom-
inant, and assuming isospin symmetry between the two
nucleons, the spin and isospin wavefunctions must have
opposed exchange symmetry. So we can either have
isopsin INN = 0 and spin SNN = 1, or INN = 1 and
SNN = 0. The two different total systems are respec-
tively the (−K−pn + K−np)/√2 with spin 1, and the
(2K¯0nn−K−pn−K−np)/
√
6 with spin 0.
The K− •N •N binding is suggested by the deuteron
2H , a proton-neutron boundstate, and by the model of
the Λ(1405) as an anti-kaon proton boundstate. How-
ever the subtleties of these two-body subsystems require
a precise computation of the binding energy of the three-
body system. For instance the binding of the deuteron
(p • n) requires a d-wave component [4]. Moreover it is
not clear yet if the K− • N bind in an I = 1 Σ baryon.





















































FIG. 2: Some N • N and K− • N potentials present in the
literature. Top: the I=0, J=1 sector of the Nijmegen N • N
local potential Reid93 [4], fitted to reproduce the deuteron an
N •N scattering data. Bottom: The I=0, J=1/2 sector of the
Akaishi and Yamazaki local potential [5], fitted to reproduce
the Λ(1405) and K− •N scattering data.
Notice that in the I = 0 channel, there is strong evi-
dence that the Λ(1405) is constituted of two poles, re-
spectively dominated by the K− •N and the π •Σ chan-
nels [6, 7, 8, 9, 10, 11, 12, 13].
The K− •N •N binding is a very recent topic. While
Oset, Toki and collaborators [14, 15] offer a different in-
terpretation to the FINUDA peak, very recent theoretical
calculations, fitting theK−•N scattering data with effec-
tive local potentials [16, 17, 18] or with separable poten-
tials [19] agree with a relatively deep and wideK−•N •N
resonance.
Here we specialize in the microscopic quark computa-
tion of the binding energy and width of the K− •N •N
systems. Section II is dedicated to theN•N andK•N in-
teractions. We compute microscopically the K •N inter-
action, with a confining and chiral invariant quark model
and using the Resonating Group Method. In Section
III we calibrate our interactions with the experimental
K+ • N data, and we study the binding and decay of
K− •N and K− •N •N systems. Finally we conclude.
II. FROM QUARKS TO THE K •N
There are several very precise models of the N •N in-
teraction, compatible with the experimental N •N phase
shifts. All contain a long-range attractive potential, a
medium-range attractive potential, an a hard core or
short range potential. A picture consistent with QCD
emerges if the long range attraction is due to the Yukawa
one-pion-exchange, the medium range is due to two-pion
or one-sigma exchange, while the short range repulsion
is dominated by the quark interactions. Different models
exist because the 3S1 ↔3 D1 coupling is partly equiva-
lent to the attractive part of the 3S1 potential. Moreover
the repulsive hard core potential essentially pushes the
wavefunction outside the repulsive core region, and this
can be accomplished for different heights of the repulsive
core. Also, separable or local potentials can be used.
However the K−•N interaction has not yet been mod-
elled with the same detail of the N •N interaction. An
arbitrary example of these potentials is shown in Fig. 2.
Notice that not only the kaons are unstable particles ,
with less experimental results, but also there are large
inelastic coupled channel effects in the K− • N scatter-
ing. Moreover, there is strong evidence that the Λ(1405)
does not have a single pole with width Γ of 40MeV , but
two narrower poles, one closer to the K− • N threshold
and another dominated by the π • Σ channel.
This leads us to compute theK−•N interaction micro-
scopically at the quark level. Here we assume a standard











where each quark or antiquark has a kinetic energy Ti
with a constituent quark mass, and the colour depen-
dent two-body interaction Vij includes the standard QM






Vconf (r) + Vhyp(r)~Si · ~Sj
]
. (2)
For the purpose of this paper the details of potential (2)
are unimportant, we only need to estimate its matrix




Moreover we include in the Hamiltonian (1) a quark-
antiquark annihilation potential Aij¯ . Notice that the
quark-antiquark annihilation is constrained when the
quark model produces spontaneous chiral symmetry
breaking [20, 21, 22, 23, 24, 25]. In the π Salpeter equa-
tion, the annihilation potential A cancels most of the
kinetic energy and confining potential 2T + V ,
〈A〉S=0 ≃ 〈2T + V 〉S=0 ≃ 〈Vhyp〉 , (4)
leading to a massless pion in the chiral limit. We stress
that the QM of eq. (1) not only reproduces the meson
and baryon spectra as quark and antiquark bound-states,
but it also complies with the PCAC theorems [23, 24, 25,
26, 27].
For the pentaquark system, the Resonating Group
Method(RGM) [28] is convenient to arrange the wave
functions of quarks and antiquarks in antisymmetrized
overlaps of simple colour singlet quark clusters, the
baryons and mesons. The effective potential of the
meson-baryon system is computed with the overlap of
the inter-cluster microscopic potentials,
V bar A
mes B
= 〈φB φA| − (V14 + V15¯ + 2V24 + 2V25¯)3P14
+3A15¯|φAφB〉/〈φB φA|1− 3P14|φAφB〉 ,(5)
where Pij stands for the exchange of particle i with par-


































































































































































































































FIG. 3: Examples of our RGM overlaps for the baryon-meson
effective interaction: (a) norm exchange overlap; (b) kinetic
exchange overlap; (c) interaction exchange overlap; (d) anni-
hilation overlap.
spin × flavour factor and a spatial overlap. A convenient
basis for the spatial wave-functions of the meson A and
the baryon B is the harmonic oscillator basis,











In what concerns the quark exchange diagrams, the
spin independent part of the quark-quark(antiquark) po-
tential in eq. (2) essentially vanishes because the clus-
ters are colour singlets. The only potential which may
contribute is the hyperfine potential. The quark Pauli
exchange also leads to a negative, repulsive potential.
Importantly, each annihilation diagram can be related
to an exchange diagram with the crossing symmetry of
one of incoming baryon with the outgoing baryon. This
is evident in Fig. 3 (c) and Fig. 3 (d). The corre-
sponding diagrams are opposite because the annihilation
diagram does not have the Pauli exchange minus sign
of the exchange diagram. Another important difference
occurs, the exchange diagrams produce non-local sim-
ple separable potentials, while the annihilation diagrams
produce simple local gaussian potentials. Nevertheless
all the different diagrams produce hard core potentials
proportional to 〈Vhyp〉, repulsive in exchange diagrams
and attractive in annihilation diagrams. Notice that at-
traction may only occur in non-exotic channels.
We summarize [29, 30, 31, 32, 33] the effective poten-




































where ~τ are the isospin matrices for the I = 0 and I = 1






3 is a PCAC factor.










FIG. 4: The I = 0 and I = 1 experimental [34, 35, 36]
and theoretical (this paper and ref. [29, 30, 31, 32, 33]) s-
wave phase shifts as a function of the kaon momentum in the
laboratory frame.
III. RESULTS AND CONCLUSION
We study the binding and decay of the K− • N two-
body systems and of the K− • N • N three body sys-
tems, we diagonalize the hamiltonian in configuration
space with the finite difference form of the kinetic energy.
Importantly, the decay widths to the channels π •Σ and
π•Σ•N are accounted with the substitution method, re-
sulting in an effective two-body K− •N separable poten-
tial −|φ000〉〈φ000|G0(E)|φ000〉〈φ000|. The decay width for
the K− •N channel. Because the energy E of our plau-
sible resonances is above the pionic channels, the Green
function matrix elements are complex. This produces the
decay width contribution −iΓ/2 to the eigenvalues of the
Schro¨dinger 2-body and 3-body finite difference hamilto-
nians.
First we calibrate our parameters in the two-body
K • N channels, where the diagonalization of the finite
difference hamiltonian is straightforward. From baryon
spectroscopy we get 〈Vhyp〉 = 390MeV . Since cK is a
PCAC factor that suppresses the norm of quasi-Golstone-
bosons, consistent with the Adler zero in the chiral limit,
we get the plausible range of c2k〈Vhyp〉 = 300→ 200 MeV.
From the scattering lengths for the first channel of eq.
(7), the repulsive and well understood S = 1 K •N chan-
nel [34, 35, 36], we then estimate that α = 0.34 → 0.39
Fm, necessarily smaller than the hadronic charge ra-
dius which is enhanced by the vector meson dominance.
Our fit is shown if Fig. 4. Using the PCAC ratio
cpi/cK =
√
Epi/MK ≃ 0.56, and solving the K− • N
Schro¨dinger equation in this parameter range, including
the coupling to the π • Σ effective potential, we get a
resonance in the Λ(1405) region, with binding energy
M − mK − mN = −23.8 → −1.7 MeV, and width
Γ = 7.0→ 3.5 MeV.
We are distant from the single Breit-Wigner model for
4the Λ(1405) resonance, with a width of Γ ≃ 40 MeV [37]
and a binding energy of −30 MeV. On the other hand our
results are compatible with the double pole models of the
Λ(1405), including a narrower Breit-Wigner pole closely
below the K− •N threshold. Here we don’t address the
second pole, since for simplicity we did not include the
π•Σ interaction, less relevant for the K−•N •N system.
We finally study theK−•N •N three-body system, us-
ing the Nijmegen REID93 potential [4]. Notice that the
other very recent theoretical studies of the K− •N •N ,
by Ivanov, Akaishi, Shevchenko and respective collabo-
rators [5, 16, 17, 18, 19], choose to fit the Λ(1405) with
a single 40 MeV wide resonance. From them we also dif-
fer because our potential is local in the K− •N channel
and is separable in the mixing of the K− • N with the
π • Σ. Thus it remains interesting to address here the
case, more consistent with PCAC, of a narrower and less
deep pole, relatively close to the K− •N threshold.
An important ingredient in the K− •N •N system is
isospin. For the N • N sub-system we can either have
isopsin INN = 0 and spin SNN = 1, or INN = 1 and
SNN = 0. The two different total systems are respec-
tively the (−K−pn + K−np)/√2 with spin 1, and the
(2K¯0nn−K−pn−K−np)/
√
6 with spin 0. In the S = 1
case the K− •N sub-system is 1
4
in a Λ-like I = 0 state
and 3
4
in a Σ-like I = 1 state. In the S = 0 case the
K− •N sub-system is 5
12
in a Λ-like I = 0 state and 7
12
in a Σ-like I = 1 state. Notice that in eq. (7) we show
that the K− •N attraction in the I = 1 state is only 1
3
of the K− •N attraction in the I = 0 state. In the case
of the Akaishi and Yamazaki local potential [5] the I = 1
interaction is also much smaller than the I = 0 interac-
tion. This is sufficient to exclude the K− •N binding in
the Σ-like I = 1 channel. This also shows that the total
attraction of the antikaon to the a two-nucleon system is
of the order of the attraction of the kaon to the nucleon
in the I = 0 K−•N system, where there is binding. Nev-
ertheless a quantitative computation is needed to find if
there is we may have binding in K− •N •N systems.
For our quantitative computation, it is convenient to
replace the coordinates of the three hadrons K− •N •N
































where N = √2m2N +m2K , in a obvious notation. The
coordinate R is eliminated in the centre of mass frame,
so we can rewrite our hamiltonian
H = TN1 + TN2 + TK + VN1N2 + VN1K + VN2K , (9)
in terms of scalar products of ρ, λ and their conjugate
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FIG. 5: Kaon energy, or real part of the lowest s-wave eigen-
value of Tλ+VK− N1 +VK− N2 , as a function of the nucleon-
nucleon distance |rN1−rN2 |. This result is obtained in a large
sphere with a λ radius of 12 Fm, in the infinite radius limit
the energy essentially vanishes for |rN1 − rN2 | > 0.4 Fm.
is diagonal in pρ and pλ. The VN1N2 potential only de-
pends on ρ, including the tensor interaction. The sum of
the other potentials VN1K+VN2K is a function of ρ, λ and
of the square of ω = ρ̂ · λ̂. To span the adequate quantum
numbers of K− •N •N system, we apply the potential to
a groundstate s-wave product of wavefunctions of ρ and
of λ. In what concerns the angular quantum numbers,
the tensor part of the N •N interaction VN1N2 will couple
the s-wave in ρ to a d-wave. The other two potentials
VN1K + VN2K couple the groundstate s-wave product to
wave-functions with any even power of ω. The Legendre
polynomials Pl(ω) form an adequate basis for an ana-
lytical integration in w. For simplicity we truncate the
angular momentum expansion, and only consider s-wave
and d-wave states. The d-wave component P2(ω) already
checks if the kaon wavefunction is oriented by the axis of
the N •N two-body subsystem. Finally the binding and
decay of the K− • N • N is determined from the lowest
eigenvalues of the finite difference hamiltonian, a large
matrix in the two-dimensional configuration space of the
coordinates ρ and λ.
It turns out that the K− •N •N systems do not bind.
The most favourable case is the I = 1/2, S = 1 chan-
nel, where the groundstate has binding in the ρ Jacobi
coordinate, but no binding in the λ Jacobi coordinate.
In particular, the ρ part of the wavefunction is local-
ized and reproduces the deuteron wavefunction, while the
λ part is extended over the whole size of the large box
where we quantize the wave-function. In the limit where
the size of the box is infinite, we get a bound deuteron
p • n and a free K−. In the second possible channel,
with I = 1/2, S = 0, we find no binding at all. If we
would have included high angular excitations in the an-
gular variable w, we would at most find binding in the
K− • N system, with a free second nucleon N . In any
case we find no tree-body binding.
To test what is going on, we also consider the case
where the position of the two nucleons is frozen, by fix-
ing the ρ variable. Then the energy of the kaon K− can
5be computed, diagonalyzing the terms in the hamilto-
nian depending on λ. The resulting smaller eigenvalue
of Tλ + VK− N1 + VK− N2 is shown in Fig. 5. It occurs
that the antikaon is bound to this N •N system only if
ρ < 0.3Fm. We checked that both in the radial equation
corresponding to s-wave basis, and in cylindrical coordi-
nates equivalent to include all Legendre Polynomials in
the angular variable w. Notice that, in short distances
the N • N subsystem suffers a strong repulsion, more
than one order of magnitude larger than this attraction
induced by the K−. This short range repulsion is present
in all N •N potentials see Fig. 2, it is produced both by
the Pauli quark repulsion and by the vector meson ex-
change. The probability for the nucleons to be at distance
rN1 − rN2 < 0.4Fm is extremely small, thus the antikaon
is not bound by the N • N subsystem. Essentially, the
difference from our non-binding and from the binding of
very recent theoretical calculations can be linked to the
shorter range of our potential.
To conclude we compute, starting at the quark level,
a complete set of K •N interactions. Notice that in this
case the K− • N attraction is smaller than in the very
recent calculations [5, 16, 17, 18, 19] that use effective
K− •N interactions. We find binding in the I = 0, S =
1, K−•N channel, consistent with the double pole model
of the Λ(1405). In the I = 1, S = 1, K− •N two-body
system with Σ quantum numbers, we find no binding.
The I = 1/2, S = 1, K− •N •N system does not bind
in the channel with Λ •N hexaquark flavour and with a
I = 0, Spin= 1 two-body N •N sub-system. We also find
no binding in the K− •N •N three-body system with a
I = 1, Spin= 0 two-body N •N sub-system.
Nevertheless we strongly recommend that the studies
of these possible K− • N • N and K− • N narrow reso-
nances continues, because in the present calculation we
only included the microscopic RGM overlaps, equivalent
to short range hadronic interactions. Because we work at
the quark level, we do not account for meson exchanges,
they might affect the range of our K− •N interactions.
While evidence of the S = 1, K− • N • N hexaquark
state was found by the FINUDA collaboration at DAFNE
[2, 3], this state and the K− •N systems can be further
researched in other collaborations, either dedicated to the
pentaquark Θ+ or to the binding of the K− in nuclei.
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